The effects of light, temperature, and thyroxine on the proportions of two visual pigments (rhodopsin and porphyropsin) are compared for three species of fishes in which the pigment proportions change oppositely in response to light (rainbow and brook trout vs. common shiners). In rainbow trout and common shiners higher temperatures reduced the proportions of porphyropsin in the retina, independent of photic conditions. The greatest differences between the warm and cold treatment groups, however, were obtained with a photoperiod as contrasted with continuous light or darkness. Capping of one eye in brook trout reduced porphyropsin independently of the uncapped eye. Thyroxine, which favors porphyropsin in both species groups, acted effectively only in the presence of light. It is suggested that a photoperiod, which produces both bleaching and photomechanical movements within the retina, enhances the exchange of vitamin A, and A, aldehydes between the photoreceptor cells and the pigment epithelium. Apparently light influences these processes oppositely in the different groups of fishes. A model to explain how photic conditions affect visual pigment composition in tadpoles (Bridges 1975) is extended to account for the opposite responses to light and darkness observed in different fishes.
Introduction
factors in several species is now firmly established Many amphibians and freshwater fishes contain both rhodopsin(s) and porphyropsin(s) within the same photoreceptor cells (e.g. in rods (Liebman 1972) ; in cones (Loew and Dartnall 1976) ). That the proportions of these visual pigments vary in response to changes in extrinsic (Dartnall et al. 1961 ; Bridges 1965 Bridges , 1972 Beatty 1966; Allen 1971; . Environmental factors known to modify visual pigment composition are as follows: (1) light, (2) temperature, and (3) the nonspecific factor season, which includes light and temperature. So far, the experimental data present no clear investigation was supported by Public Health picture of how extrinsic factors control visual Service research grant EY323 from the National Eye pigment changes. Whether seasonal changes in Institute. light or temperature act as a prime environCan. J. Zool. Downloaded from www.nrcresearchpress.com by "Institute of Vertebrate Paleontology and Paleoanthropology,CAS" on 05/28/13
For personal use only. mental control factor(s) is unclear. It is even less certain how, or even whether, seasonal changes in visual pigments might affect fish behaviors .
The mechanism by which light alters mixtures of rhodopsin and porphyropsin in fishes is not well understood, in part because there are two distinct responses to light and darkness. In some species porphyropsin increases when fish are held in continuous darkness and conversely rhodopsin dominates when in illuminated conditions (in rudd, Scardinius erythrophthalmus (Dartnall et al. 196 1) ; in pike killifish, Belonesox belizanus (Bridges 1964) ; in golden shiner, Notemigonus crysoleucas ). In other species light and darkness have the opposite effect: light favors porphyropsin and darkness rhodopsin (in redside shiner, Richardsonius balteatus (Allen 197 1) ; in trouts ). Why then, in nature, do populations of these species form a porphyropsin-rich retina in winter, and switch to a rhodopsin-dominated retina in summer? Clearly, the seasonal change in rhodopsin-porphyropsin ratio cannot result from a universal response to light condition. Nonphotic mechanisms may exist and override the response to light elicited under laboratory conditions. One such mechanism has been identified: higher temperatures favor an increase in rhodopsin and a decrease in porphyropsin in several species of fishes McFarland and Allen 1973; Cristy 1976; Tsin and Beatty 1977) .
The question of whether light acts through a central mechanism such as the pituitarythyroid axis or locally within the eye has received considerable attention. Bridges and Yoshikami (1970a) demonstrated that porphyropsin increased in a dark-capped eye of the rudd, relative to the uncapped eye, which was exposed to continuous light. Findings consistent with those on the rudd have been reported for tadpoles with capped eyes (Bridges 1974) . These investigators suggest that light acts locally on the eye tissues to mediate changes in the visual pigments. However, because several hormones (e.g. thyroxine, prolactin, TSH (Munz and Swanson 1965 ; Beatty 1969; Cristy 1975) ), varied photoperiods, and different light intensities all produce changes in visual pigment ratios the interpretation that light operates only within intraocular sites remains questionable.
In this paper we report experiments designed to test the simultaneous responses of pairedpigment fishes which respond oppositely to light and darkness. All previous reports on oppositely responding species have not been executed under identical conditions. The effects of continuous light, cyclic light, continuous darkness, temperature, and thyroxine treatment were examined. In addition, eye-capping experiments were undertaken to determine how fishes that respond oppositely to the rudd would respond to the darkening of the eye.
Methods
Brook trout (Salvelinus fontinatis) and rainbow trout (Salmo gairdneri) were obtained from the Tunison Laboratory of Fish Nutrition at Cortland, New York. Common shiners (Notropis cornutus) were collected from Fall Creek in Tompkins Co., New York. Fish were kept in 20-gallon fiber glass tanks (1 gallon = 3.785 dm3) supplied by a flow of cold water at 4.5 k 0.5"C pumped from below the thermocline of Cayuga Lake. This water was heated to produce warmer temperatures as needed. Fishes were fed daily on dry pellets ( 2 4 % of body weight). Overhead tungsten lights (100 W) provided a flux of 162 x 1012 photons/cm2 per second through the visible spectrum (400-700 nm) at the water surface. The experimental setup was described previously . Because different experiments were carried out, pretreatment and experiment protocols are presented with the results of individual experiments.
At the end of each experimental period and coincident with termination of 12-h light periods, fish were dark adapted for 6-8 h, killed, and retinae removed in presence of deep-red light (Wratten series 2). Retinae were stored frozen in 4% alum in dark containers at -20°C. Analysis of digitonin extracts of the retinal material was as previously described (Allen er al. 1973) . Notropis cornutus extracts were first subjected to partial bleaching analysis (Dartnall 1962) . Rhodopsin from the common shiner absorbs maximally at 508 nm, and its porphyropsin at 536 nm (this would be termed a 508,-5362 pigment pair). The values agree with those reported by Bridges (1964) . Computer-assisted analysis gave values for the percentage of porphyropsin on a molar basis (Munz and Allen 1968 ). An analysis of variance was used to measure experimental effects.
Thyroxine was administered by keeping fish in dilute solutions of hormone (1 x M)asdescribed by Allen (1971) . Eyes were capped with thin stainless-steel caps painted flat black with fish-oil based enamel. The caps were shaped with a marble against soft pine wood. Barbs on the caps minimized removal.
Results
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For personal use only. brook trout, which react oppositely ), were exposed in parallel experiments to continuous darkness (CD), continual light (CL), and cyclic light (12 h light (L) : 12 h dark (D)), and to administration of thyroid hormone. The average initial percentage porphyropsin was similar in both brook trout and shiners (53.1%, Table 1 ). After 10 days exposure in CD the percentage of porphyropsin had begun to decline in trout (to 43.1%) and to increase in shiners (to 56.9%). In CL porphyropsin remained unchanged in trout (at 51.9%), but declined in shiners (to 23.4%).
With longer exposures to these treatments in CD the differences were enhanced in brook trout and in CL reduced in common shiners (Table 1) . Little or no change from the initial porphyropsin values occurred in common shiners in CD, and in brook trout in CL. Thus, only continuous exposures to light in shiners and continuous exposure to darkness in brook trout produced significant changes in rhodopsinporphyropsin ratios and, in both species, only reductions occurred.
In both brook trout and shiners the effect of cyclic light was intermediate to the effects of CL and CD treatments (Table 1) . Thus the two stimuli, light and dark, seem to act antagonistically within a species. In the CL treatments thyroxine increased porphyropsin in both species, despite the opposing effects of light in common shiners (Table  1 ). In brook trout the effect of thyroxine was highly significant, even though light can increase the percentage porphyropsin in this species ). These results confirm that a species which predominantly forms rhodopsin in light (common shiner) is as strongly affected by thyroxine as a species which preferentially forms prophyropsin in light (brook trout). In the CD treatments thyroxine was ineffective in both species. Thus, thyroxine increases the percentage of porphyropsin only if light is present. Beatty (1972) reported that juvenile kokanee, Oncorhynchus nerka, responded more dramatically to thyroxine treatment in light than in darkness. Thyroxine had no effect in forcing a changeover to porphyropsin in rudd (Bridges and Yoshikami 1970a) , but the results are inconclusive because the fish were kept in darkness.
Eye-capping Experiments
Because porphyropsin increased only in the capped and not the uncapped eye of rudd exposed to continuous light, Bridges and Yoshikami (1970a) concluded that each eye responds locally and independently to light and darkness. In 1972 we undertook to extend eyecapping experiments to fishes that respond oppositely to light, specifically brook trout. We expected brook trout to show decreased porphyropsin in capped eyes and an increase in uncapped eyes. In addition to CL treatments, as used exclusively on rudd by Bridges and Yoshikami, we included cyclic light treatments to be certain that omission of a light-dark cycle did not yield aberrant results.
Brook trout were fitted with eye caps and placed in CL and 12 L : 12 D photic regimes for 37 days. Controls were without eye caps. Operated controls were initiated with center holes punched in the caps to admit light. Unfortunately these fish, which could see through the cap, quickly dislodged them and were removed.
In control fish in CD, a significant decrease in porphyropsin developed (10.3%) in comparison with either the CL controls or the 12 L : 12 D control fish (48.6 and 30.3%, Table 1 ). Pretreatment as reported in Table 1 Initial controls 1). Similarly, the capped eye of operated trout in CL mimicked the CD controls (Table 2) , although reduction in porphyropsin was less (to 27.3%). In cyclic light a significant reduction in porphyropsin occurred in the capped eyes (to 18.1%). In the uncapped eyes the reduction (to 26.5%) did not differ from control fish ( Table 2) . The fact that the capped eyes never reached the low porphyropsin percentages found in the C D control fish can be interpreted to result from light leakage into the capped eye through the cranium and (or) the opposite uncapped eye. The continuous period of light leakage in CL treatments could account for the relatively higher percentage of porphyropsin in the capped eyes in CL fish as compared with 12 L : 12 D fish (Table 2) . Of course, the differences also can be interpreted to result from systemic effects.
Clearly these results indicate that in brook trout, light and darkness independently affect each eye, regardless of whether CL or 12 L : 12 D treatment is used. Thus, the results of Bridges and Yoshikami (1970~) for rudd also apply to fishes which respond to light by increasing porphyropsin. Recently Bridges (1974) reported that tadpoles of Rana caresbeiana, which also respond to light by increasing porphyropsin, respond to eye capping in a way consistent with brook trout.
A similar eye-capping experiment was conducted on common shiners in parallel with the brook trout experiment. In this case, however, before eye capping the shiners were maintained in two different pretreatments: 12 L : 12 D and CL. Because of the response of common shiners to light and darkness (ruddlike, see expected these fish to increase porphyropsin in the capped eye and decrease it in the uncapped eye. In contrast with the brook trout, common shiners did not show any tendency to form distinctive differences between capped and uncapped eyes (Table 3) . In this instance, the lack of difference between the two eyes could be interpreted to suggest that there is an influence of one eye upon the other.
Interaction Between Temperature and Photic Regimes
The fact that different rhodopsin-porphyropsin systems can respond oppositely to light and darkness, yet follow similar seasonal patterns in natural habitats has been puzzling (see for review). We suggested that seasonal temperatures might override the effects of light on the basis of experiments on the golden shiner, a fish that responds to light at constant temperature by decreasing porphyropsin . Seasonal changes in the visual pigments in native populations of cutthroat trout, Salnzo clarkii, in shaded and nonshaded areas of streams were interpreted to suggest that seasonally high summer temperatures might lead to a decrease in porphyropsin . In 1973, therefore, we decided to investigate the effects of temperature on rainbow trout and common shiners exposed to a series of different light-dark regimes (partly reported in abstract form ). A more detailed presentation of the data not only lends support to the concept that seasonal changes in temperature may override the effects of light, but also emphasizes how the results from photic experimental treatments can be misleading.
The use of CD and CL regimes to study photic effects on visual pigments, although useful and interesting manipulative tools, can produce data of questionable biological relevance. Therefore we tested the interaction of temperature and light on rainbow trout and common shiners by including 12 L : 12 D cyclic regimes as well as CD and CL photic regimes. The results indicate a strong interaction between temperature and light-dark cycles.
Groups of 16 fish of each species were kept in 4.5 and 14°C and sampled after 2 and 4 weeks exposure to CD, 12 L : 12 D, and CL treatment (Fig. 1) . In both species at low temperature higher porphyropsin was maintained in all three photic regimes throughout the experiment. Note that the percentage porphyropsin in CD and CL groups was reversed in these two species. In warmer temperature a similar pattern emerged, consistent with the opposite responses expected to CL and CD in these two species. Considering only the CD and CL photic regimes is to miss a point, however, for in cyclic light both species achieved their highest and their lowest porphyropsin levels (Fig. I) .
A comparison of visual pigment composition under different photic conditions for fishes held for short periods at low temperature (4.5"C, , at a temperature of 9"C, held outdoors for 4 days at 1O0C, and then transferred on November 10, 1972, to the same treatments as for the rainbow trout. Note that cyclic light treatments induced the greatest difference between cold and warm treatment effects on both shiners and trout. Vertical lines = 9 5 z confidence interval. 1) with fishes held for long periods (Table 1) indicates that thermal history has a considerable influence. T o demonstrate the effect of light and darkness on visual pigment composition at low temperature requires lengthy thermal acclimation (Table 1) . Certainly, acute shifts of fishes from higher to lower temperatures are followed by a period of stable visual pigment composition (Fig. I) . It cannot be concluded at this time, therefore, that high temperatures favor rhodopsin and low temperatures porphyropsin (although they may), but rather only that exposure to high temperatures can cause a rapid, significant reduction in porphyropsin (Fig. 1) . Whether different temperatures set rhodopsin-porphyropsin composition at different equilibrium percentages under otherwise identical photic conditions, or only change the rate a t which pigment shifts occur, is not clear. Careful investigations of the effects of thermal acclimation are essential to unraveling the interactions that exist between light and temperature in determining visual pigment composition (see Tsin and Beatty 1977) .
Discussion
We have verified in fishes with paired visual pigments that the percentage of porphyropsin can either increase or decrease by simultaneously exposing different species to the same photic treatments (Table 1) . Although the visual pigment responses seem species specific, some species show population differences, for light may effect changes or it may not (e.g. in brown trout Dartnall 1962) ). It is now clear that fishes whose paired pigments are influenced by light divide into two distinct --groups: those that increase rhodopsin in light ('rudd' response) and those that increase porphyropsin in light ('antirudd' response); for a list of species see Fig. 2 . Precisely how light (or darkness) mediates these opposite responses is unclear. For example, light intensity, photoperiod, and spectral quality all can influence the rate and the degree of change (Dartnall et al. 1961 ; Allen 1971) . Most data refer pigment changes to the rods, but recent studies indicate that the cones also shift and may be involved in the control of pigment change (Loew and Dartnall 1976; Munz and McFarland 1977) . It is surprising and baffling to find, therefore, that in nature both 'rudd' and 'antirudd' responding fishes show similar seasonal changes in rhodopsin-porphyropsin composition. In summer rhodopsin increases; in winter porphyropsin increases. This makes little sense if light is a primary factor, for 'antirudd' responding fish would be expected to have high porphyropsin in summer and high rhodopsin in winter. T o explain this paradox, we suggested that seasonal temperature changes might have a stronger influence than seasonal changes in light. All temperature data reported indicate that higher Can. J. Zool. Downloaded from www.nrcresearchpress.com by "Institute of Vertebrate Paleontology and Paleoanthropology,CAS" on 05/28/13
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A model illustrating how light and darkness might produce opposite shifts in the rhodopsinporphyropsin ratios of different species of fishes. 'Rudd' responding species favor rhodopsin in light and porphyropsin in darkness; 'antirudd' responding species favor porphyropsin in light and rhodopsin in darkness (see Fig. 1 and text) . In darkness photomechanical withdrawal of the rods from the pigment epithelium (PE) increases and modifies the geometry of the exchange paths for recycling of vitamins A, and (or) A2 (broken arrows). In light the rods are apposed more closely to the PE and diffusion paths are shortened (solid arrows). In light photic bleaching produces rapid regeneration of visual pigment (high turnover); in darkness only thermal bleaching makes opsin sites available to regeneration and, therefore, visual pigment changes are slow. Two aspects of the model explain 'rudd' and 'antirudd' responses: (1) in darkness only (or mostly) vitamin A2 is incorporated in 'rudd' responding fishes, and only A, in 'antirudd' responding fishes: and (2) the ratio of vitamins A,:A2 in the PE responds oppositely in each type of fish to light and darkness (see text for details). IS, inner segment of rods; KOS, outer segments of rods; PE, pigment epithelium; 0, porphyropsin; @, rhodopsin; A, vitamin A 2 ; A, vitamin A,. Thyroxine leads to an increase of porphyropsin (effect of T, untested in rudd and pike killifish), most likely by increasing vitamin A2 in the PE (A + A) in both 'rudd' and 'antirudd' responding species (Bridges 1973) . It is presumed that thyroxine also effects an increase in A* in the PE in darkness, although porphyropsin is incorporated very slowly or not a t all.
temperatures favor rhodopsin and cooler temperatures porphyropsin in both 'rudd' and 'antirudd' responding fishes McFarland and Allen 1973; Cristy 1977 ; Fig. 1 of this paper) ; but thermal history influences whether changes occur or not (compare Table 1 with Fig. 1) .
The effect of temperature is sufficient to override the independent effects of light or darkness and, as a result, the visual pigments of both 'rudd' and 'antirudd' fishes tend to follow seasonal changes in temperature. The seeming paradox of season therefore is explained by the action of temperature. Nevertheless, a tantalizing question remains, What is the basic difference between the light-inducible 'rudd' and 'antirudd' responding visual systems ?
A model presented by Bridges (1975) for tadpoles, which is based on an earlier model for rudd (Bridges and Yoshikami 1970b) , suggests that during darkness, and therefore in the absence of bleaching by light, the only sigCan. J. Zool. Downloaded from www.nrcresearchpress.com by "Institute of Vertebrate Paleontology and Paleoanthropology,CAS" on 05/28/13
For personal use only. nificant incorporation of prosthetic groups into the rod outer segments (ROS) is at their margin with the inner segments where new opsin is continually synthesized (Young 1967) . In tadpoles (Rana clamitans and R. catesbeiana) the chromophore added at this position is thought to be retinal, and in darkness, therefore, rhodopsin slowly comes to dominate the retina (Bridges 1975) . In light, however, bleaching releases large amounts of all-trans retinal from the ROS and the opsin thus available recombines with any 11-cis retinal and (or) I I-cis 3-dehydroretinal in its vicinity. Chromophore turnover via visual pigment regeneration therefore is high. Since recycling of prosthetic groups to and from the pigment epithelium (PE) occurs (see Zimmerman 1974) , the ratio of regenerated rhodopsin and porphyropsin closely follows the ratio of vitamin A, and A, present in the PE (Reuter et al. 1971 ; Bridges 1972 Bridges , 1973 . In tadpoles vitamin A, appears to dominate the PE, regardless of recent photic history. Thus, the 'antirudd' response of tadpoles to light and to darkness depends on which of two visual pigment renewal paths dominates.
Is it possible that this model may also apply to fishes, especially fishes that show a 'rudd' response? If the only major route of chromophore incorporation in darkness is through opsin synthesis, then we need only postulate that vitamin A, be the source of new chromophore. In continuous darkness, then, porphyropsin would come to dominate the retina rather than rhodopsin, as it does in 'rudd' responding fishes (see Table 1 and Fig. 2 ). In darkness 'rudd' and 'antirudd' responses would be orchestrated by the type of chromophore incorporated into new opsin, and this could be species specific. The model is compelling because of its simplicity. But does it explain the 'rudd' response to CL?
For tadpoles, Bridges (1975) found that vitamin A, dominates the PE, whether held in CL or CD. In rudd this is not so, for Bridges and Yoshikami (1970b) reported that increases or decreases of porphyropsin in the ROS correlate with similar changes in vitamin A, in the PE. Unfortunately there are no comparable measurements on the ratios of vitamins A, and A, in the PE of 'antirudd' responding fishes. But the limited evidence available, although indirect, suggests that vitamin A, and A, ratios probably shift in different photic treatments and in appropriate directions. For example, when the homogenized PE from brook trout that contained mostly rhodopsin in their retina was combined with opsin obtained from either porphyropsinor rhodopsin-rich retinae, mostly rhodopsin regenerated . Presumably, therefore, the vitamin A, levels in the PE were low. Unfortunately the PE from CL brook trout was not used to regenerate visual pigment, but if the model is correct then in CL the levels of vitamin A, in the PE of 'antirudd' fish must be higher than in CD. If the model is generalized in this way to explain 'rudd' and 'antirudd' responses, then in light the PE must be shifted towards vitamin A, in 'rudd' responding fishes, as it is (Bridges and Yoshikami 1970b) , and towards vitamin A, in 'antirudd' fishes, as we suspect (Fig. 2) . Bridges (1975) explains the effects of light and darkness on visual pigment ratio for tadpoles by stressing how alternate routes of chromophore incorporation may be favored under opposite photic conditions. But CD also produces photomechanical separation between the ROS and the PE (Walls 1942; Ali 1959 ). In darkness not only is bleaching and the attendant pigment turnover slowed, but presumably recycling diffusion paths become longer (Fig. 2) . There are no data that measure the role of photomechanical withdrawal on visual pigment regeneration. Photomechanical movements, of course, function to expose the ROS to whatever light is available at night in the natural habitat.
The difficulty in trying to determine the relative importance of photomechanical withdrawal as compared with bleaching is exemplified by considering how thyroxine affects visual pigment ratio. Although limited to only a few species, current evidence indicates that in both 'rudd' and 'antirudd' fishes, thyroxine dramatically increases porphyropsin in light (Fig. 2) . However, in CD we found that thyroxine has a much reduced effect in brook trout ('antirudd') and no effect in common shiners ('rudd') ( Table 1) . The fact that a strong thyroxine effect requires light (Beatty 1972) fits the model (Fig. 2) if thyroxine acts to increase vitamin A, in the PE. But its reduced action in CD is difficult to explain. First, there is no evidence that thyroxine increases vitamin A, in the PE in CD, although it is possible. If it does act in darkness to increase vitamin A,, then the impotency of thyroxine in C D might result from ( I ) the longer diffusion path between the ROS and PE, (2) The difficulties in interpretation of CL and CD experiments can also be extended to 'eyecapping' experiments. The novel applications of this technique by Bridges and Yoshikami (1 970a) in rudd and by Bridges (1974) in tadpoles have clearly shown a 'local' effect of light and darkness on visual pigments of the retina, which we have confirmed with similar experiments on brook trout (Table 2) . But demonstration of a local effect of light and darkness on the retina does not entirely rule out the possibility of a systemic pathway through which environmental factors might modulate visual pigment balance. Eye-capping experiments, like the use of C D and CL in normal fishes, can be faulted because the protocol itself introduces differences in photomechanical separation and bleaching rates of visual pigment (photic vs. thermal bleaching) between opposite eyes. In the capped eye, as in the uncapped eyes of fishes kept in CD, a potential barrier to the incorporation of chromophore into the ROS exists. Incorporation of a changed A,:A, ratio from the PE to the ROS to modify visual pigment ratio, whatever the cause, would be much slower in the 'dark' eye than in the illuminated eye. This would insulate the capped eye from any systemic effect produced by light conditions (photo cycle, spectrum, etc.). Although demonstrating local intraocular effects of light in changing visual pigment balance, eye-capping experiments do not eliminate the possibility of more general systemic actions.
In conclusion we emphasize that the inclusion of cyclic light in photoperiod treatments can produce unpredicted, but sometimes more realistic results. In examination of the interaction between temperature and photic condition, cyclic light as compared with either CL or CD maximized visual pigment changes at different temperatures in both 'rudd' and 'antirudd' fishes (Fig. 1) . The presence of a light-dark cycle therefore caused the fishes to more closely mimic the seasonal changes known to take place in nature (see Table 5 
